Because the error rate was higher in antisaccade trials 1988). However, without knowledge of their neural gencompared to prosaccade trials (L: 3.6% for pro-, 13.4% erators, conclusions drawn from these studies are limfor antisaccade; M: 5.3% for pro-, 9.6% for antisaccade; ited. More spatial and temporal resolution is available P: 1.8% for pro-, 6.1% for antisaccade), the difference by recording the activity of single neurons.
gleton was located opposite the receptive field (SDF s-out ). If, after the search array appeared, this difference reached the mean plus 5 standard deviations of the difference in activity measured before the search array appeared and remained above the mean plus 2 standard deviation level for more than 15 ms, the neuron was regarded to have selected the singleton. Using this criterion, 65 neurons discriminated the singleton from distractors in prosaccade trials.
Do FEF Neurons Select the Singleton before Antisaccades?
The first goal of this study was to determine whether FEF neurons select the singleton among distractors even when monkeys shift gaze away from it. Using equivalent measurement criteria, 44 neurons selected the singleton in antisaccade trials and 21 neurons did not.
The activation of a representative FEF neuron that selected the singleton in antisaccade trials is shown in Figure 2A (left). The presence of visually evoked activity and saccade-related activity was tested with memoryguided saccades to a stimulus flashed in the receptive field. This neuron was visually responsive with minimal activity during the delay period and little modulation associated with the memory-guided saccade ( Figure  2B ). Regardless of the ultimate gaze shift, the singleton ron that did not select the singleton in antisaccade trials is shown in Figure 3A (left). Immediately after presentation of the array, this neuron exhibited a pre-excitatory tractors even when monkeys shift gaze away from it. The second was to examine the effect of stimulus-response pause ). The neuron selected the endpoint of the saccade regardless of the location of compatibility on the selection times of FEF neurons. The third was to examine the relationship between the the singleton. During a memory-guided saccade task, this neuron exhibited a visual response followed by elevariability of RT across trials and the variability in the time when FEF neurons select a stimulus. vated activity during the delay period and pronounced saccade-related activity ( Figure 3B ). We will define the We recorded 77 neurons that changed discharge rate between the presentation of the search array and the 21 neurons that selected only the endpoint of saccade in antisaccade trials as Type II. initiation of the saccade. The present study focused on neurons that selected the singleton in prosaccade trials.
The measure of singleton selection used to distinguish Type I from Type II neurons was used in previous studies The difference was calculated between the spike density function from trials in which the singleton was in the re-(Hanes et al., 1998; Bichot and Schall, 1999). As is the case with any biological measurement, the distribution ceptive field (SDF s-in ) and that from trials in which the sin- of the maximum difference of the activity (⌬SDF) in antiif we exclude them from the analysis. The validity of these criteria is supported by another measure of the saccade trials was a continuum (Figure 3D ), and we defined Type I and II neurons based on the criteria demagnitude of singleton selection during antisaccade trials (antisaccade singleton selection index, ASSI). First, scribed above. For two neurons, ⌬SDF reached 5 standard deviations but did not maintain above 2 standard the difference between SDF s-in and SDF s-out was integrated in the interval from array presentation to the modeviations for 15 ms. These two neurons were defined as Type II, although the population results were identical ment each neuron selected the endpoint of saccade Figure 2 , the median RT in prosaccade trials was 206 ms, and that in antisaccade trials was 225 ms. SST P of this neuron was 80 ms, and SST A was 85 ms, amounting to a difference of 5 ms. This accounted for only 26% of the difference in RT between pro-and antisaccade trials ( Figure 2C) .
Next, we examined whether the difference between SST P and EST A of this neuron could account for the difference in RT between pro-and antisaccade trials. EST A of this neuron was 180 ms. The difference between EST A and SST P was 100 ms, which was substantially larger than the 19 ms difference in RT. The ratio of the difference between EST A and SST P to the difference in the median RT of antisaccades and prosaccades was 526%. Obviously, the difference between SST P and EST A exceeded the difference of RT between pro-and antisaccades.
Across the population, Type I neurons selected the singleton at a time unaffected by stimulus-response compatibility. As shown in Figure 4A , the average percentage of the difference in RT accounted for by the difference between SST P and SST A was 12% Ϯ 15%, which was significantly different from 100% (t 43 ϭ 5.75, p Ͻ 0.001) but not from 0% (t 43 ϭ 0.81).
The difference between EST A and SST P also could not account for the difference in RT between pro-and The values of SST P and EST A exhibited no correlation lation of Type II neurons, the average ratio of the differwith magnitude of visually evoked or movement-related ence between EST A and SST P to the difference in RT activity. For Type I neurons, the coefficient of determinawas 146% Ϯ 39%, which was significantly different from tion for SST P regressed on VMI was 0.01, and that for 0% (t 20 ϭ 3.76, p Ͻ 0.005) but not from 100% (t 20 ϭ 1.19) ( Figure 4C increased with RT, but the variability of the SST P and EST A could not account for all of the variability in RT. As shown in Figure 7 , for prosaccade trials, the percentsufficient data for this analysis, SST P and SST A were age of the change in RT accounted for by the change synchronized on the presentation of the search array.
in SST P was 52% Ϯ 10%, which was greater than 0% As shown in Figure 7, ., 1990 ). The present study of the saccade in antisaccade trials in both the short and long RT group. The percentage of increase in RT addressed three questions by manipulating stimulusresponse compatibility in a visual search task. First, do accounted for by the change in EST A was 66% Ϯ 7%, which was significantly greater than 0% (t 24 ϭ 9.87, p Ͻ FEF neurons select the singleton even when gaze is shifted away from it? Second, how does stimulus-0.001) but less than 100% (t 24 . That study showed that neurons in primary motor cortex with firing rate modulated by the in the superior colliculus did not vary with saccade latency, but other neurons selected the target at a time selected response were affected by stimulus-response compatibility, whereas neurons with firing rate moduthat was correlated with saccade latency (McPeek and Keller, 2002). We believe the former correspond to Type lated by the sensory stimulus were not. This is entirely consistent with our findings. I and the latter to Type II neurons identified in this study.
It is necessary to consider the criteria for the distincThe pattern of modulation of Type I neurons resembled the data in these earlier studies with one significant tion between Type I and II neurons. The distribution of selection magnitudes was a continuum, as are most difference. In the previous studies, only one stimulus was presented with no stimulus at the location to which biological measurements. Thus, we used particular criteria that were refined in previous studies (Hanes et al., the antisaccades were directed. In the present study, the singleton was presented with distractors, so selection of 1998; Bichot and Schall, 1999). The validity of the criteria is supported by another measure. The integral of the the stimulus guiding the response from distractors was required. This afforded the examination of a modulation difference between SDF s-in and SDF s-out from array presentation to EST scaled by the standard deviation of of sensory activity rather than the mere presence of sensory activity. Moreover, the presence of a stimulus ⌬SDF before array presentation measures the magnitude of the difference in discharge rate between the two at the endpoint of the antisaccades allowed them to be of normal amplitude and velocity, unlike antisaccades sets of trials. For Type II neurons, this measure was centered at 0, which is consistent with the characteristic to a blank area ( (EST). The presence and timing of these different kinds of selection distinguished Type I and Type II neurons. These results suggest certain plausible relationships between these selection times and the covert processes occurring during this task (Figure 8) .
The SST of Type I neurons was not affected by stimulus-response compatibility and did not vary with RT in either prosaccade or antisaccade trials. This is consistent with the hypothesis that SST of Type I neurons corresponds to the time the singleton was located. SST in pro-or antisaccade trials was earlier than SRT that marks the time when neurons first distinguish between pro-and antisaccade trials. This finding indicates that the singleton was located before its shape was encoded to signal prosaccade versus antisaccade. The delay of SRT relative to SST may be due to the fact that locating the singleton was easier than discriminating its shape. Further research will explore the effects of search efficiency and cue discriminability on the patterns of activity of neurons in FEF.
At SRT when the stimulus-response rule was first expressed in the neural activity, the representation by Type I neurons of the singleton location exceeded that of the endpoint of the saccade. At EST, the representation of the endpoint first exceeded that of the singleton location. In other words, until EST neurons postsynaptic to Type I neurons were influenced more by the singleton location, but after EST they were influenced more by the endpoint of the saccade. However, the delay of EST in antisaccade trials relative to SST in prosaccade trials exceeded the difference in RT between anti-and prosaccade trials. This demonstrates that the modulation of Type I neurons cannot account for the effect of stimulusresponse compatibility on RT.
Characteristically, for Type II neurons, SRT was identical to SST in prosaccade trials. Interestingly, SRT was 1996). In earlier work, we measured the time when neurons select the target. However, in the antisaccade trials, the term "target" is Experimental Procedures ambiguous, for it might refer to the singleton or to the endpoint of saccade. Therefore, for antisaccade trials, we adopt more precise Subjects and Surgery terminology by distinguishing singleton selection time (SST A ) and Data were collected from three macaque monkeys (F, M, L, Macaca endpoint selection time (EST A ). SST and EST cannot be distinradiata) weighing 4-10 kg. The animals were cared for in accordance guished in prosaccade trials, and thus the selection time in prosacwith the National Institutes of Health Guide for the Care and Use of cade trials will be referred to as singleton selection time (SST P ). We Laboratory Animals and the guidelines of the Vanderbilt Animal Care also calculated stimulus-response mapping time (SRT), which is Committee. The surgical procedures have been described prederived from comparison across pro-and antisaccade trials. These viously (Schall et al., 1995) . times are measured as follows. First, spike density functions were calculated for all the correct trials with the singleton in the receptive Behavioral Training field (SDF s-in ) and for all the correct trials with the singleton diametriMonkeys were trained to perform a color singleton visual search cally opposite the receptive field (SDF s-out ). The difference between task with reward contingent on producing a prosaccade or an antithese two spike density functions was calculated: saccade cued by the shape of the singleton. After fixation of a central spot for 400-700 ms, four stimuli were presented at iso-⌬SDF ϭ SDF sϪin Ϫ SDF sϪout . eccentric locations equally spaced around the central fixation spot ( Figure 1A) . One of the four stimuli was a color singleton target, This function represents the discrimination process of the neuron and was closely correlated with the ROC area used in our previous which was distinguished from iso-luminant distractors (i.e., red target among green distractors or green target among red distractors).
work (Thompson et al., 1996; ). The mean and standard deviation of the baseline of ⌬SDF was calculated in the The green was CIE x ϭ 284, y ϭ 608, red was CIE x ϭ 631, y ϭ 328 with a luminance of 11.4 cd/m 2 on a black background. The color interval of 50 ms before to 50 ms after array presentation across pro-and antisaccade trials. The time at which the difference function of the singleton and distractors remained the same during each recording session and varied pseudorandomly across sessions. The crossed the mean baseline difference plus 2 standard deviations was selected as SST P (prosaccade trials) or SST A (antisaccade trials), four stimuli were arranged so that one of the stimuli was located in the center of the receptive field of the recorded neuron. The singleonly if the difference function reached the baseline plus 5 standard deviations and remained above the mean plus 2 standard deviation ton could be a vertical or a horizontal rectangle. The vertical singleton required a prosaccade to its location within 1500 ms. The horilevel for more than 15 ms. In antisaccade trials, the singleton and the endpoint of the saczontal singleton required an antisaccade to the location of the distractor diametrically opposite the singleton within 1500 ms. Procade occupied opposite locations. Therefore, the trials with the singleton in the receptive field were the trials in which the endpoint and antisaccade trials were randomly interleaved. In both types of trials, after the correct saccade, all the stimuli but the one that of the saccade was opposite the receptive field, and the trials with the singleton opposite the receptive field were the trials in which served as the endpoint of saccade disappeared. The monkeys were required to fixate the correct saccade target for 500 ms to obtain the endpoint of the saccade was in the receptive field. Therefore,
